Calcium influx through voltage-dependent calcium channels (VDCCs) mediates a variety of functions in neurons and other excitable cells, but excessive calcium influx through these channels can contribute to neuronal death in pathological settings. Oxyradical production and membrane lipid peroxidation occur in neurons in response to normal activity in neuronal circuits, whereas excessive lipid peroxidation is implicated in the pathogenesis of of neurodegenerative disorders. We now report on a specific mechanism whereby lipid peroxidation can modulate the activity of VDCCs. The lipid peroxidation product 4-hydroxy-2,3-nonenal (4HN) enhances dihydropyridine-sensitive whole-cell Ca 2؉ currents and increases depolarization-induced increases of intracellular Ca 2؉ levels in hippocampal neurons. Prolonged exposure to 4HN results in neuronal death, which is prevented by treatment with glutathione and attenuated by the L-type Ca 2؉ channel blocker nimodipine. Tyrosine phosphorylation of ␣1 VDCC subunits is increased in neurons exposed to 4HN, and studies using inhibitors of tyrosine kinases and phosphatases indicate a requirement for tyrosine phosphorylation in the enhancement of VDCC activity in response to 4HN. Phosphorylation-mediated modulation of Ca 2؉ channel activity in response to lipid peroxidation may play important roles in the responses of neurons to oxidative stress in both physiological and pathological settings.
Calcium influx through voltage-dependent calcium channels (VDCCs) mediates a variety of functions in neurons and other excitable cells, but excessive calcium influx through these channels can contribute to neuronal death in pathological settings. Oxyradical production and membrane lipid peroxidation occur in neurons in response to normal activity in neuronal circuits, whereas excessive lipid peroxidation is implicated in the pathogenesis of of neurodegenerative disorders. We now report on a specific mechanism whereby lipid peroxidation can modulate the activity of VDCCs. The lipid peroxidation product 4-hydroxy-2,3-nonenal (4HN) enhances dihydropyridine-sensitive whole-cell Ca 2؉ currents and increases depolarization-induced increases of intracellular Ca 2؉ levels in hippocampal neurons. Prolonged exposure to 4HN results in neuronal death, which is prevented by treatment with glutathione and attenuated by the L-type Ca 2؉ channel blocker nimodipine. Tyrosine phosphorylation of ␣1 VDCC subunits is increased in neurons exposed to 4HN, and studies using inhibitors of tyrosine kinases and phosphatases indicate a requirement for tyrosine phosphorylation in the enhancement of VDCC activity in response to 4HN. Phosphorylation-mediated modulation of Ca 2؉ channel activity in response to lipid peroxidation may play important roles in the responses of neurons to oxidative stress in both physiological and pathological settings.
Neurons are subjected to considerable oxidative stress as the result of oxyradical production that occurs during mitochondrial respiration and activities of enzymes such as nitric oxide synthase and cyclooxygenases (1) (2) (3) . Membrane lipid peroxidation (MLP) 1 is a common consequence of such oxidative stress (4) . Increased MLP occurs in paradigms of synaptic plasticity such as long-term potentiation, and antioxidants that suppress MLP can modify such processes (5-7), suggesting roles for MLP in neuronal plasticity (4) . However, studies of patients and experimental models suggest a major role for MLP in the pathogenesis of an array of neurodegenerative conditions including Alzheimer's and Parkinson's diseases, stroke, and traumatic brain and spinal cord injuries (for review, see Ref. 4) .
MLP can promote neurodegeneration by impairing the function of membrane transport proteins including ion-motive ATPases and glucose and glutamate transporters (8 -12) . The mechanism whereby MLP damages neurons involves an aldehyde called 4-hydroxy-2,3-nonenal (4HN), which is liberated from peroxidized fatty acids, particularly arachidonic acid, and can covalently modify proteins on cysteine, lysine, and histidine residues (10, (12) (13) (14) . When neurons are exposed to agents that induce MLP, 4HN accumulates in the cells at concentrations of 1-10 M (9). Similar concentrations of 4HN can impair synaptic function and facilitate neuronal apoptosis and excitotoxicity (9 -11, 15) . It was recently reported that 4HN can alter signal transduction pathways by modifying the activities of kinases and transcription factors (16 -19) .
Voltage-dependent Ca 2ϩ channels (VDCCs) play critical roles in the regulation of levels of intracellular Ca 2ϩ and thereby control an array of physiological processes in neurons including neurotransmitter release, synaptic plasticity, and gene expression (for review, see Refs. 20 and 21). Overactivation of VDCCs, particularly under conditions of reduced energy availability or increased oxidative stress, contributes to neuronal death in experimental models of stroke, trauma, and Alzheimer's disease (22, 23) . VDCCs are heteromeric complexes of ␣, ␤, and sometimes ␥ subunits. The activity of VDCCs is modulated by phosphorylation such that channel activity is increased in response to phosphorylation of one or more subunits on tyrosine or serine residues (24 -28) . Despite the evidence that MLP can alter synaptic function and promote neuronal degeneration, the effects of MLP on VDCCs are unknown. In the present study, we employed whole-cell patch clamp, Ca 2ϩ imaging, and immunochemical methods to examine the effects of 4HN on VDCCs in hippocampal neurons. Our data demonstrate that 4HN can increase the activity of VDCCs by a mechanism involving increased tyrosine phosphorylation of channel subunits.
MATERIALS AND METHODS
Cell Culture, Experimental Treatments, and Quantification of Neuron Survival-Primary hippocampal cell cultures were established from embryonic rats (day 18 of gestation) as detailed elsewhere (29) . Cells were plated into polyethyleneimine-coated plastic culture dishes or 22-mm 2 glass coverslips at a density of 80 -100 cells/mm 2 . The cultures were maintained in Neurobasal Medium with B27 supplements (Invitrogen). The atmosphere consisted of 6% CO 2 /94% room air and was maintained near saturation with water. Experiments were performed in cultures that had been maintained for 8 -10 days. Using these culture conditions, ϳ95% of the cells are neurons, and the remaining cells are astrocytes. Immediately before experimental treatment, the culture maintenance medium was replaced with Locke's buffer (154 mM NaCl, 5.6 mM KCl, 2.3 mM CaCl 2 , 1.0 mM MgCl 2 , 3.6 mM NaHCO 3 , 10 mM glucose, and 5 mM Hepes buffer, pH 7.2). 4-Hydroxy-2,3-nonenal (Cayman Chemical) was prepared as a 1000ϫ stock in ethanol. Nimodipine, genistein, and okadaic acid (Sigma) were pre-* The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.pared as 500ϫ stocks in dimethyl sulfoxide. -Conotoxin-GVIA and -agatoxin-TK (Research Biochemicals International) were dissolved in saline. Sodium vanadate (Sigma) was prepared as 500ϫ stock, and glutathione ethyl ester (Sigma) was prepared as a 50ϫ stock in saline. In all experiments, an equivalent volume of vehicle was added to control cultures. Neuron survival was quantified by counting the number of viable neurons in premarked microscope fields before and at indicated time points after exposure to experimental treatments as described previously (29) .
Whole-cell Recordings of Voltage-dependent Ca 2ϩ Currents-These methods were similar to those used previously (30, 31) . Briefly, responses were recorded at room temperature using a whole-cell recording configuration with a patch clamp amplifier (Axopatch-1D) and data acquisition and analysis software (pCLAMP-8) with filtering at 2 kHz. Glass pipettes were pulled with a Flaming-Brown horizontal puller (Sutter Instruments, Novato, CA). Electrodes were coated with Sylgard (Dow Corning, Midland, MI) and had an average resistance of 2 megaohms. For recording whole-cell currents through VDCCs, the ionic composition of the external solution was 145 mM NaCl, 5 mM CsCl, 8 mM CaCl 2 , 10 mM glucose, 0.3 M tetrodotoxin, and 10 mM Hepes (the pH was adjusted to 7.35 with NaOH, and the osmolarity was adjusted to 330 mosmol with sucrose). The internal solution contained 145 mM methanesulfonic acid, 10 mM Hepes, 11 mM EGTA, 2 mM MgCl 2 , 1 mM CaCl 2 , 5 mM Mg-ATP, 13 mM tetramethylammonium chloride, 0.1 mM leupeptin, and 10 mM Hepes. Whole-cell current amplitude was normalized by dividing by whole-cell capacitance to yield current density. Cell capacitance and series resistance were measured at the start of each recording. Cells were constantly perfused with external solution, and test agents were applied to neurons via rapid switch of solutions using a six-channel valve controller apparatus (Warner Instrument Corp.). 
Measurement of Intracellular Ca
2ϩ Levels-Intracellular free Ca 2ϩ levels ([Ca 2ϩ ] i ) were quantified by fluorescence imaging of the calcium indicator dye Fura-2 as described previously (29) . Briefly, cells were incubated for 30 min in the presence of 2 M acetoxymethylester form of Fura-2 (Molecular Probes, Eugene, OR), washed with Locke's buffer, and incubated for 40 min before imaging. Cells were imaged on a Zeiss Axiovert microscope (ϫ40 oil immersion objective) coupled to an Attofluor imaging system. The [Ca 2ϩ ] i in 12-20 neuronal cell bodies/microscope field was monitored before and after exposure of cells to KCl, which was added to the bathing medium by dilution from a 4ϫ stock.
Immunoprecipitation and Immunoblot Analysis-Immunoprecipitations were performed as described previously (32) . Briefly, after exposure to 4HN or vehicle, cultures were lysed in radioimmune precipitation buffer (10% glycerol, 1% Triton X-100, 150 mM NaCl, 100 mM NaF, 5 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 50 mM Tris-HCl (pH 7.5), and 1 g/ml leupeptin). Channel subunits were immunoprecipitated from 200 g of cell lysate using rabbit polyclonal antibodies that recognize either all isoforms of the ␣ subunit of VDCCs or only the ␣1c subunit. 4HN-modified proteins were immunoprecipitated using a mouse monoclonal antibody that specifically recognizes 4HN-modified proteins (14, 33) . The antibody-lysate solution was left overnight at 4°C on a rotary shaker, and the antibodyantigen complex was then pelleted using protein A linked to acrylic beads (M01; Sigma). The pellet was washed three times with ice-cold radioimmune precipitation buffer, and the final pellet was suspended in 2ϫ Laemmli sample buffer. Samples were boiled for 10 min and centrifuged at 3000 rpm for 30 s, and the supernatant was loaded on a 7.5% SDS-PAGE gel. Protein was transferred to nitrocellulose, and the blot was incubated with a primary antibody. The blot was further processed using horseradish peroxidase-conjugated secondary antibody and a chemiluminescence detection method (Amersham Biosciences). Primary antibodies used included an antibody that recognizes all isoforms of the ␣ subunit of VDCCs (anti-pan␣, mouse monoclonal antibody from Alomone Laboratories; 1:50 dilution for immunoprecipitation and 1:1000 dilution for immunoblots), antibodies specific for either the ␣1c or ␣1d subunits of VDCCs (anti-␣1c, mouse monoclonal antibody from Alomone Laboratories; 1:50 dilution for immunoprecipitation and 1:1000 dilution for immunoblots), anti-phosphotyrosine (mouse monoclonal antibody from Transduction Laboratories; 1:1000 dilution), antiphosphoserine (mouse monoclonal antibody from Sigma; 1:500 dilution), and anti-␣-tubulin (rabbit polyclonal antibody from Sigma; 1:1000 dilution).
RESULTS

4HN Increases the Amplitude of Voltage-dependent Ca 2ϩ
Currents and Ca 2ϩ Responses to Membrane DepolarizationPrevious studies have shown that concentrations of 4HN in the range of 1-10 M accumulate in cultured hippocampal neurons exposed to agents that induce MLP and that exposure of hippocampal neurons to similar concentrations of 4HN can alter synaptic function and promote excitotoxicity (9, 15) . In preliminary studies, we determined that concentrations of 1-10 M 4HN were not acutely toxic to neurons but did induce delayed death of neurons and increase their vulnerability to excitotoxicity (9, 11) . Whole-cell Ca 2ϩ currents were recorded under basal conditions and at increasing time points after exposure to 4HN. Pretreatment of hippocampal neurons with 1 M 4HN for 2 h resulted in a significant 40% increase in the amplitude of the Ca 2ϩ current, and the current amplitude was increased by an additional 20% in neurons exposed to 10 M 4HN (Fig. 1, A  and C) . Analysis of the current-voltage relationships of the currents recorded in the absence or presence of 4HN revealed that the voltage dependence and the voltage generating the maximum inward current (approximately 10 mV) remained unchanged in neurons exposed to 4HN (Fig. 1B) . The enhancement of the Ca 2ϩ current by 4HN was time-dependent such that exposure times of 10 min or less had no significant effect on the current, whereas longer exposure periods resulted in progressive increases in the amplitude of the Ca 2ϩ current, which reached a peak level at 2 h and remained elevated through 4 h of exposure (Fig. 1D) . The effect of 4HN on the Ca 2ϩ current was specific for this aldehyde in that exposure of neurons to malondialdehyde (a major product of MLP) for 2 h at concentrations of up to 100 M had no effect on the amplitude of the Ca 2ϩ current (data not shown), consistent with our previous data showing that among aldehydes produced as a result of MLP, 4HN is uniquely toxic to neurons (9) .
We next measured intracellular free Ca 2ϩ levels by imaging of the Ca 2ϩ indicator dye Fura-2 in control and 4HN-treated hippocampal neurons under basal conditions and after membrane depolarization. The basal concentration of Ca 2ϩ was similar (70 -110 nM) in neurons in control cultures and in cultures that had been exposed for 2 h to 1 M 4HN (Fig. 1E) . In control cultures, exposure to KCl resulted in a rapid rise of the intracellular Ca 2ϩ concentration to a peak level of ϳ280 nM, followed by a decrease to a sustained level of ϳ200 nM 2 min later. In 4HN-treated cultures, both the peak and sustained depolarization-induced increase of Ca 2ϩ levels were significantly increased to ϳ400 nM compared with the responses in neurons in control cultures (Fig. 1, E and F) .
Cultured embryonic hippocampal neurons express VDCCs of the L, N, and P/Q types, with the majority of whole-cell current being contributed by L-type channels (31, 34) . To determine which of these types of channels were affected by 4HN, we employed pharmacological agents that selectively block each channel type. Neurons were sequentially exposed to blockers of three different classes of VDCCs, and the Ca 2ϩ currents were recorded. In control cultures, addition of -conotoxin-GVIA (a blocker of N-type channels) resulted in a 34% decrease in the Ca 2ϩ current, addition of nimodipine (a blocker of L-type channels) resulted in an additional 32% decrease, and addition of -agatoxin-TK (a blocker of P/Q channels; Refs. 35 and 36) caused an additional 30% decrease in the amplitude of the Ca 2ϩ current (Fig. 2) . In 4HN-treated neurons, -conotoxin-GVIA caused a 24% decrease in the Ca 2ϩ current amplitude, nimodipine caused an additional 47% decrease, and -agatoxin-TK caused an additional 28% decrease (Fig. 2) . Because the total increase in Ca 2ϩ current induced by 4HN is ϳ50%, these results suggest that the increase is due mainly to increases in current carried by L-type and P/Q-type channels.
Evidence that 4HN Does Not Change VDCC Protein Levels and Does Not Directly Bind to VDCC Subunits-The increase in whole-cell Ca 2ϩ current induced by 4HN might result from an increase in the number of channels present or from increased activity of a fixed number of channels. To discriminate between these two possibilities, we performed immunoblot analyses to assess relative levels of VDCC proteins in control and 4HN-treated hippocampal neurons. Similar levels of the ␣1 subunit of VDCC were present in homogenates from control cultures and cultures that had been exposed for 2 h to 10 M 4HN, as determined in immunoblots probed with either an antibody that recognizes all isoforms of the ␣1 subunit of VDCCs or an antibody specific for the ␣1c isoform (Fig. 3) . Because proteins can be covalently modified by 4HN, we determined whether this was the case with VDCC subunits. Proteins in lysates of control and 4HN-treated cultures were immunoprecipitated using an antibody against 4HN-modified proteins (10, 33) , and the precipitated proteins were subjected to immunoblot analysis using the pan-␣1 or ␣1c-specific antibodies. No band could be detected with the ␣l subunit antibodies, suggesting that these proteins are not modified by 4HN (Fig. 3) .
4HN Increases Tyrosine Phosphorylation of VDCC Subunits-Because currents through
VDCCs are known to be increased by phosphorylation of channel ␣ subunit proteins (25-27), we performed additional experiments to determine whether 4HN might modify VDCC protein phosphorylation in a manner that enhances Ca 2ϩ currents. To this end, we exposed neurons to 4HN for increasing time periods, immunoprecipitated the ␣1 subunits of VDCCs from equal amounts of cell homogenates (200 g of protein), and performed an immunoblot analysis using an antibody that selectively binds to proteins phosphorylated on tyrosine residues. The results indicated that levels of tyrosine phosphorylation of ␣1 proteins were increased within 30 min of exposure to 4HN, continued to increase through 90 min, and then decreased at 3 h (Fig. 4) . Immunoprecipitation-immunoblot analysis using a phosphoserine antibody indicated that no significant increase in the level of serine phosphorylation of ␣1 proteins occurs in neurons exposed to 4HN, whereas okadaic acid (1 M), an inhibitor of serine phosphatases, causes a large increase in the level of immunoreactivity of ␣1 subunits with the anti-phosphoserine antibody (Fig. 5A) . The increase in tyrosine phosphorylation of ␣1 proteins in response to 4HN was comparable to that observed in neurons exposed to the tyrosine phosphatase inhibitor vanadate (Fig. 5B) . Immunoprecipitation-immunoblot analysis using an antibody specific for ␣lc and ␣1d revealed significant increases in tyrosine phosphorylation of these L-type VDCC subunits in neurons exposed to 4HN (Fig. 5,  C and D) .
If tyrosine phosphorylation of VDCC proteins was responsible for the increased Ca 2ϩ current induced by 4HN, then the effect of 4HN should be mimicked by selective inhibition of tyrosine phosphatases and should be suppressed by inhibition of tyrosine kinases. Exposure of neurons to vanadate, an inhibitor of tyrosine phosphatases (37), significantly increased the amplitude of the whole-cell Ca 2ϩ current (Fig. 6) , suggesting   FIG. 3. 4HN does not change levels of VDCC ␣1 subunits and may not covalently modify those subunits. A, proteins in cell lysates (50 g/lane) from control and 4HN-treated (1 M) cultures were subjected to immunoblot analysis using either an antibody that recognizes multiple isoforms of the ␣1 subunit or an antibody specific for ␣1c. B, cell lysates (200 g) were immunoprecipitated with an antibody that binds to 4HN-protein adducts and then subjected to immunoblot analysis using the pan-␣1 or ␣1c-specific antibodies. The molecular mass of the ␣1 subunits is ϳ202 kDa.
that tyrosine phosphatases modulate basal VDCC activity by reducing channel phosphorylation. Combined treatment with 4HN and vanadate resulted in an increase in the amplitude of the Ca 2ϩ current similar to that obtained with either agent alone, suggesting that they may act via a common mechanism. Exposure of neurons to the tyrosine kinase inhibitor genistein (30 M) did not significantly affect the basal Ca 2ϩ current but significantly attenuated the increase in current caused by 4HN (Fig. 6) . Collectively, these data suggest that an increase in tyrosine phosphorylation of VDCC subunits is involved in enhancement of VDCC activity by 4HN.
Involvement of VDCCs in Neuronal Death Induced by 4-Hydroxynonenal-Prolonged exposure of hippocampal neurons to
4HN results in delayed cell death that is evident after 12-24 h (11). Previous studies have shown that glutathione is covalently modified by 4HN on the cysteine residue of the peptide and that glutathione can thereby detoxify 4HN and protect cells from injury induced by lipid peroxidation or direct exposure to 4HN (9, 11, 38 ). In the present study, we found that this delayed neuronal death was completely prevented in cultures cotreated with glutathione ethyl ester (Fig. 7) . When hippocampal cultures were cotreated with 500 M glutathione ethyl ester and 10 M 4HN, there was no increase in the amplitude of the Ca 2ϩ current. Current amplitudes were as follows: control, 22 ϩ 4.5 pA/picofarad; 4HN, 33 ϩ 5.2 pA/picofarad; glutathione, 26 ϩ 5.9 pA/picofarad; and glutathione ϩ 4HN, 25 ϩ 3.3 pA/ picofarad (mean Ϯ S.D.; n ϭ 3). Treatment of neurons with nimodipine significantly attenuated 4HN-induced cell death (Fig. 7) , demonstrating the involvement of Ca 2ϩ influx through VDCCs in the neurotoxic action of 4HN. Neither -conotoxin-GVIA nor -agatoxin-TK affected 4HN-induced cell death (data not shown), consistent with our electrophysiological data showing that 4HN does not alter N-or P/Q-type VDCCs.
DISCUSSION
The present findings are the first to document an effect of the MLP product 4HN on the channel activity of VDCCs. Several lines of evidence suggest that the enhancement of Ca 2ϩ current in response to 4HN is an indirect effect mediated by increased phosphorylation of VDCC subunits on tyrosine residues. First, (50 g) immunoprecipitated using either the pan-␣1 or ␣lc-specific antibodies were then performed using antibodies against phosphotyrosine (p-tyro) and phosphoserine (p-ser) as indicated. E, samples of cell lysates (50 g of protein) were subjected to immunoblot analysis using an antibody against ␣-tubulin. Note the large increase in the level of phosphotyrosine immunoreactivity of the ␣1 subunit in neurons exposed to 4HN. ‫,ء‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.01 compared with control value. IP, immunoprecipitation; WB, Western blot.
4HN may not covalently modify VDCC ␣1 subunits because we could not detect association of 4HN with ␣1 subunits using an immunoprecipitation and immunoblot approach that we previously employed to demonstrate covalent modification by 4HN of the glucose transport protein GLUT3 (10), a glutamate transport protein (12) , the GTP-binding protein Gq11 (39) , and the microtubule-associated protein tau (40) . However, we cannot rule out the possibility that a low undetectable level of modification of ␣1 subunit proteins by 4HN occurred or that other VDCC subunits were modified by 4HN. Second, enhancement of Ca 2ϩ current by 4HN required a lag time period of at least 10 -30 min to become evident, consistent with a requirement for changes in activity of proteins such as phosphatases and kinases that control protein phosphorylation. Third, 4HN did not change the level of ␣1 subunit proteins, consistent with the increase in Ca 2ϩ current being the result of an increase in activity of a fixed number of channels. Fourth, the enhancement of Ca 2ϩ current by 4HN was mimicked by a tyrosine phosphatase inhibitor and partially suppressed by a tyrosine kinase inhibitor, consistent with previous studies demonstrating that Ca 2ϩ currents are increased under conditions where protein tyrosine phosphorylation is increased (41) . In addition, the enhancement of Ca 2ϩ current in neurons exposed to 4HN was associated with an increased depolarization-induced elevation of intracellular Ca 2ϩ levels. The ␣1 subunit is the major functional protein of VDCC, and ␣1c and ␣1d are critical subunits of L-type channels (42, 43) . In brain, ␣1c and ␣1d are localized to neuronal cell bodies and proximal dendrites (44) . Our immunoprecipitation-immunoblot results show that both subunits are expressed in hippocampal neurons. The 2-fold increase in the level of tyrosine phosphorylation of proteins immunoprecipitated with the pan-␣1 subunit antibody in cells exposed to 4HN matched the amount of 4HN-induced increase in tyrosine phosphorylation of ␣1c and ␣1d subunits, suggesting a major role for increased phosphorylation of these subunits in the increased calcium current induced by 4HN. This interpretation is further supported by our observation that a tyrosine kinase inhibitor significantly reduced the effect of 4HN on calcium current amplitude. The tyrosine phosphatase inhibitor vanadate increased the calcium current amplitude but did not potentiate the increase induced by 4HN, consistent with both agents increasing the calcium current via a common mechanism (i.e. increased tyrosine phosphorylation).
Considerable data implicate MLP in the pathogenesis of neurodegenerative disorders (4) . Levels of 4HN are increased in association with the neurodegenerative process in postmortem tissue samples from patients with Alzheimer's disease (45) (46) (47) and amyotrophic lateral sclerosis (48, 49) . Moreover, studies of experimental models of Alzheimer's disease (9 -11, 50, 51) , stroke (52, 53) , and amyotrophic lateral sclerosis (54) suggest a pivotal role for 4HN in the neurodegenerative process. For each of these disorders, there is also evidence that excessive Ca 2ϩ influx contributes to the neurodegenerative process (21, 55, 56) . Studies of experimental models of these disorders have demonstrated the efficacy of drugs that block VDCCs in protecting neurons from being damaged and killed (57-59). Because they express high levels of VDCCs as well as ionotropic glutamate receptors, neurons may be particularly sensitive to MLP and 4HN, as indicated by the decreased sensitivity of cells that do not express glutamate receptors and express relatively low levels of VDCC to 4HN (11) and the ability of 4HN to increase neuronal vulnerability to excitotoxicity (9) .
Although no specific antagonist of 4HN has been identified, several lines of evidence suggest that endogenously produced 4HN induces many, if not all, of the changes that occur in neurons exposed to exogenous 4HN. For example, glutathione and apolipoprotein E (which bind high levels of 4HN) protect neurons against oxidative insults such as Fe 2ϩ and amyloid ␤-peptide that induce MLP and also protect against death induced by exogenous 4HN (9, 11, 14) . In addition, because of its amphipathic properties, 4HN moves easily between cellular compartments, and, although likely being present at its highest concentration in or near the membranes in which it is generated, 4HN has been shown to modify a variety of proteins throughout the cell including membrane proteins, cytoskeletal proteins, and cytosolic enzymes (10, 40, 60) .
Several enzymatic cleavage products of membrane lipids have been shown to play widespread roles in cellular signaling pathways. Prominent examples include diacylglycerol and inositol trisphosphate released by phospholipase C (61), plateletactivating factor and lysophosphatidic acid released by phospholipase A2 (62) , and generation of ceramide and sphingosine-1-phosphate by sphingomyelinases (63) . Our data showing that 4HN alters protein tyrosine phosphorylation suggests roles for this lipid-derived mediator in neuronal signal transduction. In this regard, it is of considerable interest that arachidonic acid is the major precursor for 4HN production in cells (13) . Arachidonic acid has been shown to modulate neuronal calcium homeostasis, synaptic plasticity, and neuronal survival (64 -67), but the underlying mechanisms remain unclear. Our data suggest a possible role for the metabolite 4HN in these physiological and pathological actions of arachidonic acid.
Because VDCCs play important roles in the local regulation of intracellular Ca 2ϩ levels in neurons, the enhancement of Ca 2ϩ current by 4HN suggests a mechanism whereby 4HN may modulate neuronal plasticity. Studies of brain slice preparations have shown that MLP can modify long-term potentiation of synaptic transmission (6, 7), a form of synaptic plasticity known to be mediated by Ca 2ϩ influx (68) . In addition, it has been reported that levels of MLP increase in slices in response to stimulation that induces long-term potentiation (5) . Because phosphorylation of VDCCs and other types of ion channels is thought to be a major mechanism for regulating synaptic plasticity, it will be of considerable interest to determine whether 4HN plays a role in modifying synaptic plasticity. One possible mechanism whereby 4HN increases phosphorylation of VDCC proteins is that it inhibits one or more protein phosphatases. The observation that vanadate also increases phosphorylation of ␣1 VDCC protein and enhances Ca 2ϩ current is consistent with the latter possibility. Inhibition of phosphatases might also account for the increased phosphorylation of other proteins in cells exposed to oxidative insults and 4HN, including the microtubule-associated protein tau (40) , the epidermal growth factor receptor (16) , and the c-Jun-N-terminal kinase (18) . In any case, the ability of 4HN to modify the activity of ion channels in neurons has important implications for both physiological and pathological roles for this lipid-derived aldehyde in the nervous system.
